ABSTRACT The butterßy Troides aeacus formosanus (Rothschild) (Lepidoptera: Papilionidae) is one of the Þve T. aeacus subspecies adapted to tropical regions and is endemic to Taiwan. Partial DNA sequences of cytochrome oxidase I (COI) and ampliÞed fragment length polymorphism (AFLP) markers were analyzed to differentiate this birdwing butterßy subspecies and to indicate its possible dispersal history. Phylogenetic relationship analyses have shown that T. a. formosanus can be divided into lineages I and II with limited COI variations, and AFLP patterns also have shown two divergent clusters, A and B. In populations collected from southern Taiwan, there was a signiÞcant relationship between lineage II and cluster B. Parsimonious network of COI indicated haplotype H I , the nearest to the other subspecies, should be the basal form in T. a. formosanus. Both COI sequences and AFLP patterns indicated that haplotype diversity was high in all populations, whereas low levels of genetic differentiation were found among populations. Molecular variance suggested that most of the total variance was due to differences within populations. These results, together with the divergence estimation and the speciÞc geological topology in southern Taiwan, indicate that T. a. formosanus might have entered Taiwan during recent glaciations (Ϸ150,000 yr ago) and become adapted to the tropical environment. The observed differentiation of T. a. formosanus could have resulted from the geographic barriers of the Central Range on the island. Moreover, genetic exchanges caused by movement of individuals among butterßy farms or gardens in the past two decades may have led to less diversiÞcation among current populations of T. a. formosanus.
It is generally believed that the periodic formation of land-bridges between Taiwan and mainland China across the Taiwan Strait in Pleistocene have produced peripatric distributions in several Taiwan taxa (Huang et al. 1997 (Huang et al. , 2002 Voris 2000; Wang et al. 2000; Hwang et al. 2003; Woodruff 2003; Yeh et al. 2004; Shih et al. 2006; Tsao and Yeh 2008) . The geological event of arc-continent collision that resulted in a drastic uplift of the northÐsouth axis Central Range during 3Ð 0.13 million yr ago (Teng 1987 , Huang et al. 1997 played the other isolating forces of many insects in Taiwan (Su et al. 2003; Yeh et al. 2004 Yeh et al. , 2009 . It has been shown that over wintering danaine butterßies in eastern and western Taiwan have distinct migratory routes, although butterßies have median-to-high dispersal capability Emel 1990, Chan 2009 ).
Troides aeacus (C & R Felder, 1860) , a large swallowtail butterßy with a wingspan up to 150 mm (Haugum and Low 1985) , has Þve subspecies distributed throughout tropical southeastern Asia. The nomino-typical T. a. aeacus Felder is distributed from southern China, most parts of the Indochinese Peninsula and northeastern India; Troides aeacus szechwanus Okano & Okano occurs in the western China; Troides aeacus malaiianus Furhsorfer is conÞned to the Malayan Peninsula; the little known Troides aeacus insularis Ney is restricted to Sumatra (Yen and Yang 2001, Haugum and Low 1985) ; and Troides aeacus formosanus (Rothschild) is endemic to Taiwan. The last subspecies is easily recognized by its size, shape, color spot or strips, and angle of forewing and hindwing (Haugum and Low 1985) .
According to Haugum and Low (1985) , this butterßy has two peaks of population density in southern Taiwan, i.e., MarchÐApril and SeptemberÐOctober, and this elegant and precious small birdwing butterßy has been one of the most popular insects for the amateur and commercial collectors. Its larvae feed on the climbing vines of several species of Aristolochia. The density of the birdwing butterßy has been declining due to the com-mercial activity and loss of habitat with host plants (Collins and Morris 1985, Yang 1991) .
It is believed that the appearance of T. a. formosanus in Taiwan is related to the occurrence of land bridge in geological glaciations that permitted the butterßy to move from the mainland to Taiwan (Voris 2000) . The distribution was limited to southern Taiwan by its tropically adaptive characteristic until recently (Boggs et al. 1979, Ho and . In the past two decades, butterßies from a variety of localities have been translocated as butterßy farms have acquired them, and this exchange may have led to a mixing of populations. In conservation terms, it is essential and obligatory to establish the genetic composition of this butterßy. Mitochondrial cytochrome oxidase I (COI) sequences and ampliÞed fragment length polymorphism (AFLP) Þngerprints of T. a. formosanus have been analyzed to delineate its differentiation and tentatively track its possible dispersal history.
Materials and Methods
Sample Collection. T. a. formosanus adults and larvae were obtained from 101 individuals of nine populations in Taiwan (Supp. Fig. S1 [online only]). Specimens were collected between 2001 and 2006, preserved in 95% alcohol, and voucher specimens were stored at Ϫ20ЊC in Department of Entomology, National Chung Hsing University (Taichung, Taiwan).
DNA Extraction and Amplification. Total genomic DNA was extracted from one leg of single individuals or several sculi of larvae by using a Wizard genomic DNA puriÞcation kit (Promega, Madison, WI; modiÞed from Yeh et al. 2004 ). The isolated DNA was resuspended in 100 l of double-distilled H 2 O and stored at 4ЊC. The partial sequence of the mitochondrial COI gene was ampliÞed and sequenced using primers cox-J-1460 and cox-N-2191 (Caterino and Sperling 1999) . Conditions for polymerase chain reaction (PCR) ampliÞcation were as follows: an initial denaturing step of 94ЊC for 4 min; 35 cycles of 94ЊC for 40 s, 55ЊC for 30 s, and 72ЊC for 50 s; and a Þnal extension step of 72ЊC for 7 min. The ampliÞed products were stored at 4ЊC. DNA was puriÞed directly from the ampliÞed product using a PCR puriÞcation kit (QIAGEN GmbH, Hilden, German), or after resolving on agarose gel, excised and extracted with the QIAquick gel extraction kit. DNA products were sequenced using Taq dye terminator cycle sequencing kit (Applied Biosystems, Foster City, CA) and an ABI 377A sequencer (Applied Biosystems).
Relationship Analysis. Sequences of specimens were piled-up and aligned using the BioEdit program (Hall 1999) , followed by manual reÞnement. Neighbor-joining (NJ) phylogeny reconstruction was carried out by means of MEGA version 4 using the proportional estimate (Tamura et al. 2007 ). Bootstrap analysis of 1,000 resampling replicates was carried out on the phylogenetic tree inferred from the NJ method. The parsimonious spanning network was analyzed by Program TCS (Clement et al. 2000) and was established according the output differences among haplotypes.
Sequence Diversity Analysis. The Arlequin 3.0 software (ExcofÞer et al. 2005 ) was applied for statistical analyses involving an analysis of molecular variance (AMOVA), an estimation of Þxation index, the sequence diversity, and neutrality test.
Amplified Fragment Length Polymorphism Assay. The AFLP assay was modiÞed from Vos et al. (1995) and the manufacturerÕs protocol of IDRye ßuorescent AFLP kit for Large Plant Genome Analysis (LI-COR Biosciences, Lincoln, NE). Restriction enzymes EcoRI and MseI were used to digest 70 Ð 80 ng/l genomic DNA of each sample. Adapters of EcoRI and MseI were ligated to the restriction fragments of genomic DNA. The ligation mixture was diluted 10 times and used as template in the preselective ampliÞcation. Two microliters of template was used in the selective ampliÞcation followed by a dilution, 1:40, of preampliÞcation product. Primers for the selective ampliÞcation were EcoRI and MseI primers with three additional selective nucleotides, i.e., EcoRI, 5Ј-GACT-GCGTACCAATTC ϩ AAC, AAG, ACA, or ACC; and MseI, 5Ј-GATGAGTCCTGAGTAA ϩ CTA, CTC, CTG or CTT. A volume of 0.3 pmol of labeled EcoRI primer was added to a Þnal volume of 8.3 l per tube. One cycle of 94ЊC for 30 s, 65ЊC for 30 s, and 72ЊC for 1 min were performed in the beginning of selective ampliÞcation. Subsequently, 12 cycles of 94ЊC for 30 s, 65ЊC for 30 s were conducted with reduction by 0.3ЊC per cycle and Þnally held at 72ЊC for 1 min. Final conditions of selective ampliÞcation consisted of 23 cycles of 94ЊC for 30 s, 56ЊC for 30 s, and 72ЊC for 1 min. Four primer pairs with well deÞned fragments were used in AFLP analyses, i.e., primer E-ACA pairing with primer M-CTG; primer E-AAG pairing with primer M-CTC; primer E-ACA together with primer M-CTT; and primer E-ACC pairing with primer M-CTA. PCR products were separated by electrophoresis through 5.5% polyacrylamide gels (Long Ranger Gel Solution, Lonza Inc., Allendale, NJ) using a 41 by 20 cm gel ring. LI-COR Global IR 2 System DNA Analyzer (LI-COR Biosciences) and e-Seq 3.0 DNA sequencing software (LI-COR Biosciences) were used and saved the results of electrophoresis, respectively. AFLP Data Analysis. Polymorphic bands were scored from 50 bp to 500 bp with fragment sizes were estimated via a preamp maize DNA (LI-COR Biosciences) that was included in the selective ampliÞ-cation. Seventy-four individuals with scorable fragments were analyzed for four primer pairs. Automated Saga MX AFLP Analysis Software (LI-COR Biosciences) was performed to score the bands. A presenceÐabsence matrix (1 for presence, 0 for absence) was generated for all scorable loci of all individuals from each population. Program NTSYSpc 2.1 was used to conduct the clustering analysis of unweighted pairgroup method with arithmetic average following the Jaccard and Dice distance estimation (Rohlf 2000) .
Results

Low COI Sequence Diversity Within Populations.
Sequence analyses of 95 T. a. formosanus individuals exhibited limited variations within 589 bp of the partial COI gene (accession no. AB576491ÐAB576585). Based on the COI sequence, the sample can be divided into group I, with 59 individuals, and group II, with 32. Only two to four nucleotide positions differed between T. a. formosanus samples and those of the nominotypical subspecies, T. a. aeacus. There were 10 Ð13 nucleotide differences between T. aeacus and T. helena. Nucleotide diversity levels were 0.0007Ð 0.0010. Haplotype diversity was high, Ϸ0.5, in all populations due to the presence of two major haplotypes in each population (Table 1) . For populations HL, PT, and TN, TajimaÕs D and FuÕs F S neutrality test gave positive values (Ta- (Table S1 [online only]) for abbreviations. ble 1). Neutrality tests gave negative values in the analysis of TT and ZH samples.
Analysis of Molecular Variance and Genetic Differentiation of COI Sequences Among Populations.
Eleven populations were compiled as a single group in the analysis of molecular variance of COI sequences. The largest component of total variance was due to differences within populations (Table 2) , with only 1% of total variance being explained by variability among populations. Consequently, low Fst were calculated (Table 1) with some negative values indicating that the sequence differences were larger within populations than between populations (Fst ϭ Ϫ0.0890 Ð 0.2995).
Relationship Analyses of COI Region. The phylogenetic tree for COI sequences indicated that the nine populations comprised two lineages ( Fig. 2A) . Members of lineage I were more abundant in each population (F ϭ 18.13, P Ͻ 0.01). Lineage II consisted of relatively more individuals from southern populations including TN and PT ( Figs. 1 and 2) . A parsimonious network was used to infer haplotype differentiation (Fig. 2B) . The network diagram, with T. helena as the outgroup, indicated that haplotype H I was basal in T. a. formosanus and was nearest to the nominotypical subspecies of southern Asia.
Phylogenetic Analyses of AFLP Patterns. In total, 95 reproducible and unequivocally scorable fragments were recorded in phylogenetic analysis of 74 individuals of nine populations. The genetic distances based on Jaccard and Dice estimation showed a similar unweighted pair-group method with arithmetic average dendrogram. Two major clusters, A and B, of these samples contained individuals from all locations (Fig. 3) . However, members of cluster B were found primarily in the southern populations, i.e., TN, PT, and TT ( Figs. 1  and 2 ). Furthermore, information from both mitochondrial COI sequences and nuclear AFLP patterns showed that all individuals in cluster B (AFLP) with lineage II (COI) were from southern populations, i.e., Tainan, Pingtung, and Taitung counties.
Genetic Diversity and Analysis of Molecular Variance of AFLP. Although haplotype diversity in AFLP pattern was high, low levels of Fst within populations were found (Table 1 ). The pairwise calculated Fst values were low (Fst ϭ Ϫ0.069 Ð 0.079) among populations. For most populations of T. a. formosanus, TajimaÕs D neutrality test showed positive values. FuÕs F S neutrality tests showed negative values. Again, the largest component of total variance was due to differences within populations (98%).
Discussion
Periodic land bridge formation across the Taiwan Strait in the Pleistocene permitted dispersal between mainland China and Taiwan (Huang et al. 1997 , Voris 2000 . Limited COI differentiation among T. a. formosanus populations is similar to results obtained for other Taiwanese taxa, including the minnow, cricket, wood spider, Þsh, and bat (Wang et al. 1999 (Wang et al. , 2004 Yeh et al. 2004; Lee et al. 2004; Chen et al. 2006) . These observations of little or no divergence within vagile species suggest recent colonization or recent range expansion.
The Central Range is an important dispersal barrier in other insects (Su et al. 2003 , Yeh et al. 2004 ). The Central Range might have contributed to the isolation of T. a formosanus populations on opposite sides of the mountains. The splitting of the species into two lineages is estimated to date to 120Ð150,000 yr before present (Brower 1994 , Fleischer et al. 1998 ). The estimate divergence time coincides with recent glaciations when a land bridge was formed connecting southwestern Taiwan with mainland China (Fig. 1; Voris 2000) . T. a. formosanus may have migrated along the land bridge to Taiwan as did other species (Turner et al. 2001) .
Although previous studies indicated that T. a. formosanus was distributed mainly in southern Taiwan (Shirozu 1960 , Yamanaka 1973 , it has recently been recorded in northern Taiwan (Yang 1998) . Factors contributing to establishment in northern Taiwan include cultivation of its host plants, Aristolochia spp., and butterßy greenhouse gardening. Relocation of individuals to gardens may be the cause of mixing of types and the negative Fst values estimated in the current study.
After 30 yr of protection and conservation, T. a. formosanus can now be found in natural conditions, especially in southern Taiwan. It is a positive scenario that human feeding activity will possibly increase the number of T. a. formosanus. However, considerations should be given to the differentiation estimation as the low sample sizes in some collection sites and the collection over a 6-yr period. This study, using partial regions of mitochondrial COI and AFLP markers, has obtained some basic information on the genetic differentiation and composition of T. a. formosanus in Taiwan, which will be useful to preserve T. aeacus and helpful to study the dispersal history and relationships of other threatened Troides species.
